Microstructure of martensite steel near drill hole surface was investigated. The microstructure of drill hole surface can be divided into 3 layers with depth. From top surface, nanocrystalline layer, equiaxed submicron grain layer and deformed martensite structure layer. Nanograined layers have extremely high hardness, similar to those observed in the specimens treated by shot peening, ball milling, ball drop and particle impact deformation. The measured amount of shear strain produced by drilling was found to be an exponential function of depth from the hole surface. The amount of true strain at the hole surface region was estimated to exceed 7 which is considered to be the necessary amount of strain to produce nanocrystalline structure.
Introduction
Nanocrystalline (NC, grain size smaller than 100 nm) materials have attracted considerable scientific interests in the last decade, since these materials are expected to possess superior mechanical properties. Various severe plastic deformation processes have been proposed to produce NC materials, e.g. ball milling (BM), 1, 2) high pressure torsion, 3, 4) sliding wear [5] [6] [7] and shot peening (SP). [8] [9] [10] [11] [12] The necessary condition to produce NC material by deformation may be a large strain of more than about 7 in true strain. 13) This amount of strain is larger than those attained by conventional deformation processes ($5), such as rolling, drawing, extrusion. From our previous BM, [14] [15] [16] ball drop (BD), [16] [17] [18] particle impact (PI) 13) and SP 13, 19, 20) experiments in steels, it was found that the NC regions have the following characteristics: 1) homogeneous and featureless structure with sharp boundaries between deformed structure region, 2) extremely high hardness (8$13 GPa), 3) dissolution of cementite when it exists and 4) no recrystallization and slow grain growth by annealing.
In the present study, the nanocrystallization at the hole surface in steel by drilling was investigated. Since it is considered that a large strain is the most important condition to produce NC structure, the amount of strain at the drill hole surface of work material is evaluated. The NC regions formed at the hole surface by drilling were compared with those produced by BM, BD, PI and SP. [13] [14] [15] [16] [17] [18] [19] [20] 
Experimental Procedures
The materials used in the present study were a case hardening steel of SCM420H (Fe-0.17$0.23C-0.15$0.35Si-0.55$0.90Mn-0.85$1.25Cr-0.15$0.35Mo, martensite structure) and a structural steels of S45C (Fe-0.45C-0.21Si-0.69Mn, ferrite + pearlite). The drilling experiments were performed by using a sintered carbide drill with 2:5 mm in diameter. The drilling parameters were peripheral cutting speed of several 10 m/min. Oil mist was used as coolant. Annealing of specimens after drilling was carried out at 873 K for 3.6 ks by sealing in a quartz tube under a pure Ar protective atmosphere. Specimens were characterized by scanning electron microscope (SEM, JEOL JSM-6500F), transmission electron microscope (TEM, Hitachi H-800 working at 200 kV) and Vickers microhardness tester (AKASHI MVK-G1). Samples for SEM observations were etched by 5% Nital. The samples for TEM observations and microhardness measurements were cut parallel to the drilling direction, as illustrated in Fig. 1 . Thin foils for TEM observations were cut out from location (A)-(C) in Fig. 1 and polished electrically.
Results
The cross section (Section (I) in Fig. 1 ) of the drill hole in the SCM420H steel was observed by SEM and shown in Fig. 2 . Three types of microstructure can be seen; a smooth contrast region without detectable structure near the surface of drill hole, a deformed structure (DS) region and a martensite structure region. This micrograph shows that the area more than 10 mm away from the surface of drill hole is undeformed. To examine the characteristics of grain in these regions, TEM observations were performed. Figure 3 Fig.  3 (c), may be formed by recovery and/or recrystallization during drilling, which can be called either in-situ 21) or continuous recrystallization.
22) The BF image ( Fig. 3(d) ) taken at (C) in Fig. 1 shows a typical martensite structure. The hardness measurements were carried out on Section (II) in Fig. 1. Figure 4 shows the microhardness across the boundary between the NC and martensite structure regions. The hardness of the NC region is as high as 9.8 GPa, which is much higher than that of the martensite structure region (5.0 GPa). This characteristic is similar to those observed in the specimens treated by BM, BD, PI and SP. [13] [14] [15] [16] [17] [18] [19] [20] Figure 5 shows the cross sectional SEM micrographs (Section (I) in Fig. 1 ) of prior NC region observed in the work material after drilling and subsequent annealing. The prior NC region keeps finer equiaxed grain structure (several 100 nm) than that of the martensite structure region even after annealing at 873 K for 3.6 ks. However, this grain size of prior NC region is much larger than those in the annealed specimens after BM, BD, PI and SP experiments. [13] [14] [15] [16] [18] [19] [20] The large recrystallized grains at the hole surface in the drilled specimen are probably due to the partial recovery during drilling because of temperature rise. The investigations of recrystallization behavior are in progress. 
Discussion
In the present study, it was found that NC layer can be produced at hole surface in work material by drilling. The necessary condition to produce NC structure in steels by deformation was proposed to apply a strain lager than about 7 at temperature below T m /2 (where T m is the melting point in K). 13) However, the amount of strain given by drilling is not clear. Here, the amount of strain by drilling is evaluated. Figure 6 shows the cross sectional SEM micrographs (Section (III) in Fig. 1 ) of S45C steel with ferrite and pearlite structure after drilling. Fig. 6(b) is the enlarged image of Fig.  6(a) where the cementite lamellae locate perpendicular to the hole surface before drilling. The remarkable bending of lamellar cementite to the sliding direction is seen. The curve of cementite plate can be described roughly by an exponential function of depth. The measured displacement xðzÞ of cementite plate from the initial position by drilling are shown in Fig. 7 as a function of depth z from the top surface of drill hole. The displacement xðzÞ decreases exponentially with the depth z from the surface, and can be expressed as
where x s is the displacement at the top surface and k is a constant. The data in Fig. 7 are replotted in Fig. 8 with lnðxðzÞÞ vs z. The straight line obtained support the assumption of eq. (1) and the line gives
The shear strain ÁðzÞ is given by differentiating xðzÞ by depth z, as where s is the shear strain at the top surface. ðzÞ is plotted as a function of depth z in Fig. 9 . The shear strain at the top surface s was estimate to be 20.4 by extrapolating the curve in Fig. 9 . Thus, the shear strain is extremely large at the top surface, and it decreases rapidly with the depth from the surface. The amount of the true strain at the top surface " s is calculated, i.e.
Here, it is noteworthy that the highest strain achieved by drilling was as large as 11.8. This indicating that the strain given by drilling is large enough to produce NC structure. The thickness of the surface layer corresponding to true strain lager than 7 is calculated to be 0.36 mm from eq. (4). This is significantly smaller than that of nanocrystalline layer observed in the SCM420H steel (Fig. 2 ). This is due to the different in the amount of deformation and heat generation between the two steels by drilling since the initial strength and work-hardening rate of these steels are different.
Conclusions
Microstructure evolution of drill hole surface in martensite steel was investigated. In all the drilled holes, the equiaxed nanocrystals with grain size of a few 10 nm were observed at the top surface regions. The depth of nanocrystalline layers was several mm. The nanocrystalline layers have extremely high hardness, similar to those observed in the specimens treated by shot peening, ball milling, ball drop and particle impact deformation. 
